Sox8 and Sox9 act redundantly for ovarian-to-testicular fate reprogramming in the absence 1 of R-spondin1 in mouse sex reversals. 2 3 4 Abstract 35 In mammals, testicular differentiation is initiated by transcription factors SRY and SOX9 in XY 36 gonads, and ovarian differentiation involves R-spondin1 (RSPO1) mediated activation of WNT/β-37 catenin signaling in XX gonads. Accordingly, the absence of RSPO1/Rspo1 in XX humans and 38 mice leads to testicular differentiation and female-to-male sex reversal in a manner that does not 39 require Sry or Sox9 in mice. Here we show that an alternate testis-differentiating factor exists and 40 that this factor is Sox8. Specifically, genetic ablation of Sox8 and Sox9 prevents ovarian-to-41 testicular reprogramming observed in XX Rspo1 loss-of-function mice. Consequently, Rspo1 Sox8 42
Introduction

46
During primary sex determination in mammals, a common precursor organ, the bipotential 47 gonad, develops as a testis or ovary. In humans and mice, testicular development begins when SRY 48 and SOX9 are expressed in the bipotential XY gonad. These transcription factors promote 49 supporting cell progenitors to differentiate as Sertoli cells and form sex cords (Chaboissier, differentiation of testes or ovaries, an active repression of the opposite fate is necessary (Kim, 60 Kobayashi et al. 2006 ). Inappropriate regulation within the molecular pathways governing sex 61 determination can lead to partial or complete sex reversal phenotypes and infertility (Wilhelm, 62 Washburn et al. 2009 ). 63
Studies in humans and mice have shown that the pathway initiated by SRY/SOX9 or 64 RSPO1/WNT/β-catenin signaling are indispensable for sex specific differentiation of the gonads. 65
For example, in XY humans, SRY or SOX9 loss-of-function mutations prevent testis development 66 (Houston, Opitz et al. 1983 , Berta, Hawkins et al. 1990 ). In mice, XY gonads developing without 67 SRY or SOX9 lack Sertoli cells and seminiferous tubules and differentiate as ovaries that contain 68 4 are fertile Wegner 2000, Britsch, Goerich et al. 2001 ), suggesting that Sox10 would 103 not be the best candidate gene. For Sox8, loss-of-function analyses in XY gonads show testicular 104 development, indicating that Sox8 is not required for Sertoli cell differentiation during embryonic 105 development (Sock, Schmidt et al. 2001 ). However, a Sox8-null background enhanced the 106 penetrance of the testis-to-ovary sex reversal phenotype in mice with reduced Sox9 expression 107 (Chaboissier, Kobayashi et al. 2004 ), suggesting that Sox8 supports the function of Sox9. 108 Furthermore, in XY Sox9 single mutant and XY Sox8 Sox9 double mutant mice where Sox9 109 is inactivated after sex determination, the single and double mutant mice form testis cords 110 containing Sertoli cells, these cells loose their identity and begin to express granulosa cell markers 111 like FOXL2 (Barrionuevo, Georg et al. 2009 , Georg, Barrionuevo et al. 2012 , Barrionuevo, Hurtado 112 et al. 2016 ). In addition, the double Sox8,9-null Sertoli cells become apoptotic, leading to a 113 complete degeneration of the seminiferous tubules. This indicated that a concerted effort by Sox8 114 and Sox9 is required in XY gonads for the maintenance of Sertoli cells after sex determination. 115 116 Although Sox8 expression is dispensable for Sertoli cell differentiation in XY gonads, it 117 may have a key role for testicular differentiation in XX sex reversal gonads or in cases of Sox9-118 independent testicular differentiation in XY gonads. This led us to hypothesize that Sox8 can 119 compensate for loss of Sox9 and is the alternate factor capable of: (i) triggering sex reversal in XX 120
Rspo1 knockout gonads lacking Sry and Sox9, and (ii) promoting testicular development in XY 121
Rspo1 knockout gonads lacking Sox9. 122 To test this hypothesis, we have generated triple Rspo1, Sox8, and Sox9 loss-of-function 123 mutant mice models. We show here that Sox8 and Sox9 are individually dispensable for testicular 124 development in XY and XX mice lacking Rspo1, indicating the presence of redundant testicular 125 expressed in the somatic cells at E17.5 ( Figure 1B) and down-regulated after birth, as shown in 137 post-natal P10 ovaries ( Figure 1D) . In XY and XX mice lacking Sox8 and Sox9 (i.e., Sox8 -/-138 Sox9 fl/fl ; Sf1:cre Tg/+ , referred to as Sox8 KO Sox9 cKO double mutants), high Rspo1 expression levels 139 were observed in embryonic gonads, indicating ovarian differentiation ( Figure 1E,F) . This was later 140 confirmed by immunostainings for FOXL2, a granulosa cell marker ( Figure 3G and Figure 4E ). 141
These data confirmed that although Rspo1 is expressed in both XY and XX gonads, robust Rspo1 142 expression in cells throughout the gonad is a feature of ovarian development in fetuses. 143
Next, we carried out Sox8 expression analyses in Rspo1 -/mutants (referred to as Rspo1 KO 144 mutants) at E17.5 and P10, and in XY and XX Rspo1 -/-; Sox9 fl/fl ; Sf1:cre Tg/+ gonads (referred to as 145 Rspo1 KO Sox9 cKO double mutants) at E17.5, given that Sox8 expression was previously shown in 146 XY and XX Rspo1 KO Sox9 cKO double mutants around P10 (Lavery et al., 2012) . Here, we took 147 advantage of the LacZ reporter inserted into the Sox8 mutant allele (Sock, Schmidt et al. 2001 ). This 148 approach was possible in Rspo1 mutant mice also carrying a LacZ reporter (Chassot, Ranc et al. 149 2008), since β-galactosidase activity is not detectable in Rspo1 heterozygous and homozygous 150 gonads at E13.5 ( Figure 1-figure supplement 1B,C) , a time when Rspo1 is highly expressed 151 (Parma, Radi et al. 2006 ). The lack of intracellular β-galactosidase is due to the retention of the 152 secretion signal in RSPO1-β-galactosidase protein expressed by the Rspo1 knock-out allele 153 (Chassot, Ranc et al. 2008) . 154
We observed SOX8-LacZ expression in XX Rspo1 KO and XY and XX Rspo1 KO Sox9 cKO 155 gonads in fetuses containing a Sox8 +/LacZ background at E17.5 ( Figure 1L-N) . At this stage, LacZ-156 positive cells were not abundant, highlighting the beginning of Sertoli cell differentiation and sex 157 cord formation in ovotestes as described in (Chassot, Ranc et al. 2008 , Maatouk, Mork et al. 2013 In testis cords of XY control and XY Rspo1 KO mice at E17.5 and P10, SOX8-LacZ expression was 159 readily detectable ( Figure 1I ,O,K,Q), as was also the case in XX Rspo1 KO sex reversal gonads at 160 P10 ( Figure 1R) . In contrast, control ovaries lacked SOX8-LacZ expression ( Figure 1J,P) . Thus, 161 these data corroborate our previous study showing that Sox8 is expressed in the absence of Rspo1 162 and Sox9 in XY mice, and additionally in absence of Sry in XX animals during juvenile stages 163 (Lavery, Chassot et al. 2012) . 164
Next, immunostainings revealed SOX9-positive testis cords in XY Rspo1 KO testes ( Figure  165 1U,A'), XX Rspo1 KO ovotestes ( Figure 1V ,B'), as in control testes ( Figure 1S ,Y), as previously 166 described (Chassot, Ranc et al. 2008 ). Co-immunolabeling with AMH confirmed the identity of 167
Sertoli cells, since AMH-positive granulosa cells do not express Sox9, and given that ovarian 168 steroidogenic theca cells expressing Sox9 are AMH-negative ( Figure 1Z ). In addition, deletion of 169 Sox8 did not alter the expression of Sox9 in XY or XX Rspo1 KO gonads (i.e., in Rspo1 KO Sox8 KO 170 gonads) ( Figure 1W, We first studied gonads in E17.5 fetuses, which is when differentiated granulosa cells reprogram as 208
Sertoli cells in XX Rspo1 KO Figure 3F ), indicating ovarian development. The granulosa 211 cells remained quiescent, as evidenced by expression of the mitotic arrest marker CDKN1B (also 212 known as P27) throughout the E17.5 gonad, and the absence of AMH expression indicated that 213 these cells were fetal or pre-granulosa cells ( Figure 3A) Figure 3J ). This was also the case in XX Rspo1 KO Sox8 KO 5G,G'), which were more pronounced than testis cords in XX Rspo1 KO Figure 6W ) double 255 mutant mice. Thus, while pre-granulosa cells in triple mutants differentiated precociously, their 256 reprogramming as Sertoli cells forming testis cords at E17.5 appears to be blocked, or delayed. 257 258
Lack of Sertoli cell differentiation in XX and XY Rspo1 KO Sox8 KO Sox9 cKO fetuses 259
In order to further address the development of triple mutant gonads, we extended our 260 analyses to juvenile (P10) and adult (P40) mice. Both XY and XX Rspo1 KO Sox8 KO Sox9 cKO triple 261 mutant mice developed externally as female with a short anogenital distance, as in XX control mice 262 The gonad fate in wildtype, Sox and Rspo1 mutant mice is summarized in Figure 6 -figure 326 supplement 4. In wildtype mice, SOX9 promotes testicular differentiation in XY gonads and 327 RSPO1 promotes ovarian differentiation in XX gonads ( Figure 6-figure supplement 4A) . This is 328 also the case in mice lacking Sox8, since it is dispensable for testis and ovarian development 329 ( Figure 6-figure supplement 4A) (Sock, Schmidt et al. 2001 ). As shown, there is an antagonistic 330 relationship between the testis and ovarian pathways, such that the activation of one pathway also 331 leads to the repression of the other to ensure one gonadal fate ( Figure 6-figure supplement 4A) . In 332 XY Sox9 cKO mice, the testis pathway is not activated, and the ovarian pathway is not repressed, 333 leading to ovarian differentiation ( Figure 6-figure supplement 4B) . In XX Sox9 cKO mice, loss of 334 SOX9 does not impair ovarian development ( Figure 6-figure supplement 4B) . In XY Rspo1 KO 335
Sox8 KO or XY Rspo1 KO Sox9 cKO mice, gonads develop as testes or hypo-plastic testes, since one 336 SOX factor is sufficient for Sertoli cell differentiation and seminiferous tubule formation ( Figure 6-337   figure supplement 4C,D) . This is also exemplified by ovo-testicular development in XX Rspo1 KO 338
Sox8 KO and XX Rspo1 KO Sox9 cKO mice ( Figure 6-figure supplement 4C,D) , where Sertoli cells arise 339 from reprogramming of pre-granulosa cells that have precociously differentiated (Maatouk, Mork et 340 al. 2013 ). We found that inactivation of both SOX factors in mice lacking RSPO1 prevents 341 testicular development in XY and XX animals. In XY and XX Rspo1 KO Sox8 KO Sox9 cKO triple 342 mutant embryos, though pre-granulosa cells differentiate precociously, the absence of both SOX 343 factors impedes granulosa-to-Sertoli reprogramming in embryos and gonads develop as atrophied 344 ovaries ( Figure 6-figure supplement 4E) . This atrophied ovary outcome suggests that FOXL2 and 345 other ovarian factors cannot fully compensate for the loss of RSPO1 ( Figure 6-figure chromosome was determined, as described previously (Hogan 1994) . 412 413
In situ hybridization 414
Gonad samples were fixed with 4% paraformaldehyde overnight, processed for paraffin embedding, 415 and then sectioned at 5-7 µm thick. The in situ hybridizations for Figure 1E -H were carried out 416 essentially as described by (Lavery, Chassot et al. 2012) . For analyses in Figure 1A Immunostaining analyses were performed, as described above. For analyses at E17.5, 444 immunostainings were performed on 2 to 17 sections spaced 20-30µm apart in each gonad. Then, 445 for each section, the ratio of cells positive for DMRT1, FOXL2, or CDKN1B to total gonad area, as 446 visualized by DAPI staining, were manually tabulated. Finally, the ratios and mean for each 447 genotype were plotted in a histogram using Graphpad software. However, while XX Rspo1 KO gonads contained Sertoli cells expressing DMRT1 (G', white 741 arrowheads), these cells were rare in XX double and triple mutants (H-J) (1 out of 8 XX triple 742 mutant gonads studied from n=4 fetuses). Note that some DMRT1-positive cells are germ cells 743 expressing TRA98 (G", H", J", plus symbols). Thus, while granulosa cells differentiate 744 precociously in XX Rspo1 KO gonads lacking Sox8 and/or Sox9 at E17.5, these cells have not yet 745 reprogrammed as Sertoli cells in XX Rspo1 KO Sox8 KO However, we previously demonstrated that SOX9 is dispensable for testicular development in XX 898 Rspo1 KO mice, by studying XX Rspo1 KO Sox9 cKO mice (D). Also, gonads in XY Rspo1 KO Sox9 cKO 899 mice develop as hypoplastic testes (D), indicating that RSPO1 is required for ovarian differentiation 900 in XY Sox9 cKO mice. In studying a Sox8 KO mutation in XY and XX mice (A) and Rspo1 KO (C) mice, 901 it was clear that SOX8 is dispensable for testicular, ovarian, or ovotesticular development. In this 902 study however, we demonstrated that SOX8 is required for hypoplastic testicular or ovotesticular 903 differentiation in XY and XX Rspo1 KO Sox9 cKO mice (D) by studying triple mutants (E). Gonads in 904 both XY and XX Rspo1 KO Sox8 KO Sox9 cKO mice lacked testis cords and developed as atrophied 905 ovaries (E). Thus, SOX8 or SOX9 is sufficient and both SOX are required for testicular 906 differentiation in gonads lacking RSPO1. 907
